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Abstract 
A Wien filter capable of producing nanospots at the selection slit for electrons with nominal energy has been designed. An 
accurate version of the boundary element method (BEM) is used to model the shape and field distributions. Using a direct ray 
tracing simulation, we investigate the geometrical aberrations in the basic filter, in which dipole and quadrupole electric fields 
and dipole magnetic field are present. The addition of a quadrupole magnetic component as well as of both hexapole components 
produces a drastic reduction in the aberrations. The analysis of the Rose condition for cancelling second order geometric 
aberrations shows a close agreement between the present design and the ideal case.
  © 2008 Elsevier B.V.
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1. Introduction 
The operation of a Wien filter is based on crossed electrostatic and magnetic fields perpendicular to the beam 
axis. The deflection due to the electrostatic field is cancelled by the magnetic force in the opposite direction. This 
cancellation creates a straight optical axis for electrons having the nominal velocity [1]. Electrons with other 
energies are dispersed and this energy selection mechanism makes this filter useful as an energy analyser. The 
combination of electrostatic and magnetic fields for obtaining the straight optical axis is called the Wien condition. 
Although it is easy to fulfill the Wien condition inside the filter, it is quite difficult to satisfy it at the edges. It 
seems that the optimal solution is the use of multipole geometries [2,3 ] in which the dipole electric and magnetic 
fields are excited to produce a homogeneous distribution inside the filter and the same fringing fields outside. 
The aberration theory of the Wien filter [2,4-7] is derived under this condition and is very simple compared to 
other theories. Aberration free conditions have been formulated for single [2] and double [7] filters. However, to our 
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knowledge, there is only one practical design for a 12-pole configuration fulfilling the single filter condition, in 
which the generation of the hexapole components is done by a slight modification in the geometry of the diagonal 
poles [8]. 
In this study, an alternative design in which the hexapole fields are excited by applied potentials and currents is 
presented. The analysis is done through three stages showing the characteristic behaviour of the filter in each of 
them and how by adding multipoles the aberration correction is achieved. The basic set up uses dipole electric, 1,E
and magnetic, 1,B  distributions, plus an electric quadrupole, 2,E  component. To further correct aberrations we 
included a magnetic quadrupole field, 2,B  which is perpendicular to 2E . However, the greatest contribution to 
optimizing the design was obtained by adding electric, 3,E  and magnetic, 3 ,B  hexapole components.  
The corrected filter can be useful for many experiments in which highly monochromatic beams are needed, such 
as electron scattering in biomolecules. Application of this filter to the monochromator of electron microscopes, 
requires a nanoslit similar to the one proposed by Mook and Kruit [9]. The filter dispersion must be reduced 
corresponding to the dimensions of the slit and the beam size, determined by the third order aberrations and original 
spot size of the incident beam. The beam size at the original field emission gun is about 10 nm, sufficient to generate 
a sub-nanometer beam on the specimen without decreasing the current in an aberration corrected modern TEM or 
STEM.
2. Numerical modelling 
We will now describe the computational steps that lead to the characterisation of the filter. Since very high 
precision is required in the calculation of the aberration figures of less than a micrometer in size, each step has been 
optimized and tested to get accurate results. 
The filter consists of 12 poles symmetrically arranged as shown in Figs. 1(a) and 1(b). Poles must be made of 
magnetic conductors because they are used to produce electric and magnetic fields from excitation of potential and 
currents [10]. Details on how to excite these fields are given in [11,12]. 
Fig. 1.  Schematic diagram of the filter: a) x-z plane; b) x-y plane.  
Design dimensions (mm): H = 50, w = 10, r0 = 5, re =25, rp = 2, d = 5, ș = 20o, ǻș = 10o
Electric field distributions are computed by an accurate version of BEM [13]. An integral formulation of the 
problem is established and, to perform its numerical solution, the conducting surfaces are divided into n subareas 
that have the form of cylindrical sectors, circular sectors or rectangles, so that they exactly mimic the boundaries of 
the filter. Under the assumption that the charge density is constant on each subarea, the problem is reduced to solve 
an algebraic system of equations. For the geometry represented in Fig. 1, the contours are divided into n=40000 
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subareas; taking the symmetries and anti-symmetries of the problem into account, the system is reduced to 5000 
equations. 
The magnetic field can be obtained from a scalar magnetic potential in the same way as the electric field is 
derived from the electrostatic potential. The equivalent charge distribution must give rise to magnetic fields that are 
perpendicular to their electric counterparts and fulfill the Wien focusing condition: 1 0 1zE v B , being 0zv  the nominal 
velocity of the electron beam. 
After the charge distributions are computed, the electric and magnetic fields at any point in the region of interest 
are easily found, which allows an accurate ray tracing. In our study, the equation of motion is integrated using the 
Dormand-Prince fifth-order method which offers good efficiency and accomplish the requirements for precision 
[14,15]. 
For the trajectory analysis the incident beam voltage is set to V0 = 1kV which corresponds to the nominal velocity 
7 -1
0 1.876 10  ms .zv  u  The integration starts at 35 mmobz    from the filter centre with zero transversal velocities 
(parallel beam incidence); the image position is chosen to be 35 mm.imz   Fig. 2(a) illustrates the passage of 
electrons through the filter region, starting in the x-z plane at various radial distances ( o o0 ,180M  ), as modelled for 
the basic set up. As shown in Fig. 2(b), the upper and lower trajectories do not converge to a focus at the selection 
slit. This blurring of the image is mainly due to the aberration introduced by the magnetic dipole force terms [16]. 
  (a) (b) 
Fig. 2.  Direct ray tracing with BEM: a) Electron trajectories integrated through the x-z plane;
b) Detailed view around the selection slit plane, showing the typical triangular crossing. 
The addition of a magnetic quadrupole component, 2,B  brings all the trajectories to the desired focus. The 
projection onto the y-z plane of trajectories with same initial conditions as above, except for the azimuthal angles, 
which are now o o90 ,270 ,M   gives the same convergence to the prefixed image focus; however, the projection of 
these trajectories onto the x-z plane as plotted in Fig. 3 shows an unwanted effect of the application of 2.B  Their 
values are independent of ,M  being always 0.x t  Including the quadrupole magnetic component increases the 
aberration in this plane, causing the separation from the axis. 
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Fig. 3.  Projection onto the x-z plane of trajectories for particles starting with azimuthal angles M = 90q, 270q.
A fundamental step has been the introduction of the hexapole components in such a way that the trajectories of 
Fig. 3 are kept as close to the axis as possible. Among the infinite number of combinations, we chose the one that 
verifies the relationship 3 1 3 1/ /B B E E  , and that in combination with the other multipoles allows designing the 
corrected filter. 
3. Aberrations at the slit plane 
After passing the filter, the minimum beam size is obtained at the image plane where the slit selecting the 
required energy is placed. Figs. 4(a)-(c) show the aberration diagrams (an x-y cross sectional view of trajectories) 
obtained at this plane for the three configurations studied. The diagrams have been calculated for trajectories with 
the initial conditions established in the previous figures, but the azimuthal angle M  is varied from 0 to 352.5o in 7.5o
steps. For the basic set up the diagram has a shape of double loop of tenths of micrometer size and is symmetrical 
with respect to the x-z plane. The diagram computed for the configuration including 2B  is analogous but more 
elongated in the y direction; it is seen that the condition of zero aberration at the x-z plane has been achieved but the 
size stays in the range of micrometers. The best result, however, is the one obtained for the configuration including 
hexapole fields. The imposed condition of zero aberration for paths integrated in the x-z and y-z planes centres the 
aberration diagram and narrows it in all directions, particularly in the x direction, yielding an amazing increase in the 
energy resolution. 
 (a) (b) (c) 
Fig. 4.  Aberration figures at the selection slit plane: a) basic set up; b) basic + B2; c) corrected filter. 
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In Figs. 5(a)-(c) plots of the corresponding spots are depicted. They are obtained by integrating 1200 trajectories; 
the particles start at random positions inside a circle of 0.1 mm radius around the axis and with axial velocity 0zv . A 
1 meV change in the electron energy beam produces a second spot shifted by about 28 nm in the corrected filter, 
Fig. 5(c). Additional computations allow estimating the relative energy resolution and the energy dispersion of these 
devices; the results are listed in Table 1. We observe that while the energy dispersion is almost the same in the three 
cases, the resolution in the corrected filter has been improved by a factor of about 100. 
Table 1 
Values of relative energy resolution and energy dispersion of the filters studied. 
 Basic Basic + B2 Corrected 
Eres 3×10-5 1.5×10-5 ~3.5×10-7
Edisp(m/eV) 29.0 27.9 28.1 
 (a) (b) (c) 
Fig. 5:  Spots obtained at the slit plane after integrating 1200 trajectories starting at random positions inside a circle of 0.1 mm around the axis 
and zero transverse velocity: a) basic set up; b) basic + B2; c) corrected filter -spots for zero loss and 1 meV energy separation 
4. The Rose condition 
In 1987 H. Rose [2] published a seminal article on Wien filters. He found the necessary condition for cancelling 
second order geometrical aberrations in them (besides others previously established). The hexapole and dipole 
components and the cyclotron radius RZ  must obey the relationship: 
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Having in mind that for an incoming energy 0V  the cyclotron radius is 0 12 /R V EZ   and that we chose 
3 1 3 1/ /B B E E  , the relation between the dipole and hexapole electric components is given by 
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We have computed the Rose factor for the corrected filter and obtained a value of 0.3487, which is close to the 
ideal case. We have also simulated filters with shorter lengths and found similar behaviours to those of Figs. 4(c) 
and 5(c); but as the length decreases the spot size increases in the y direction and the energy dispersion decreases as 
can be seen in Table 2. The deviation from the Rose condition is also greater when the trajectory through the regions 
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outside the filter is a larger fraction of the total path. The small influence of the earth potential, inherent to any BEM 
formulation, is being increasingly seen in these geometries. 
Table 2 
Rose factor and energy dispersion as functions of the length of the filter (slit situated at 10 mm of the filter exit). 
Filter length (mm) 20 30 40 50 
ሺܧଷȀܧଵ െ ܤଷȀܤଵሻܴఠଶ 0.3181 0.3343 0.3432 0.3487 
Edisp(m/eV) 14.8 19.0 23.5 28.1 
5. Summary 
We have investigated the behaviour of S/2 Wien filters using an accurate version of BEM. Direct ray tracing 
analysis has shown that their functioning as energy filters can be improved by the addition of a quadrupole magnetic 
field component and, above all, by including hexapole components combined with the dipole ones in such a way 
that the Rose condition is approximately fulfilled. Spots computed at the selection slit plane show an optimal size in 
the range of nanometers, allowing a much higher energy resolution and a reduction of spatial dispersion with respect 
to the existing filters. 
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